Abstract. The response of plants to microbial pathogens is based on the production of secondary metabolites. The complexity of plant-pathogen interactions makes their understanding a challenging task for metabolomic studies requiring powerful analytical approaches. In this paper, the ability of ambient mass spectrometry to provide a snapshot of plant metabolic response to pathogen invasion was tested. The fluctuations of glycoalkaloids present in sprouted potatoes infected by the phytopathogen Pythium ultimum were monitored by imprint imaging desorption electrospray ionization mass spectrometry (DESI-MS). After 8 d from the inoculation, a decrease of the relative abundance of potato glycoalkaloids α-solanine (m/z 706) and α-chaconine (m/z 722) was observed, whereas the relative intensity of solanidine (m/z 398), solasodenone (m/z 412), solanaviol (m/z 430), solasodiene (m/z 396), solaspiralidine (m/z 428), γ-solanine/γ-chaconine (m/z 560) , β-solanine (m/z 706), and β-chaconine (m/z 722) increased. The progression of the disease, expressed by the development of brown necrotic lesions on the potato, led to the further decrease of all the glycoalkaloid metabolites. Therefore, the applicability of imprint imaging DESI-MS in studying the plant metabolic changes in a simple pathosystem was demonstrated with minimal sample preparation.
Introduction P lants represent a rich source of nutrients for many organisms, including bacteria, fungi, protists, insects, and vertebrates [1] . The response of plants to microbial pathogens is based on the production of secondary metabolites. In fact, although lacking an immune system comparable to animals, plants have developed a stunning array of chemicals meant to face microbial attacks before extensive damage occurs [2] . Generally, studies on plant-pathogen interactions take interest in the biology of metabolism regulation; however, they can serve to provide strategies for the development and standardization of high-throughput metabolomics and for the improvement of plant genetic engineering. The complexity of plant-pathogen interactions makes their understanding a challenging task requiring powerful analytical approaches. A few studies of plants pathosystems are available in literature, such as investigations of the metabolic response of tomato leaves [3] , rice [4] , and tobacco [5] , upon infection with Pseudomonas syringae pv. tomato, Xanthomonas oryzae pv. oryzae, and Phythophthora parasitica, respectively. Investigations of the metabolomic changes of potato after infection with Phytophthora infestans were carried out by liquid chromatography mass spectrometry (LC-MS) [6] .Fourier transform ion cyclotron resonance/mass spectrometry (FT-ICR/MS) was applied to the study of interactions in the potato sprout Rhizoctonia solani pathosystem and the fluctuations in the global metabolome of sprouts [7] . These analytical approaches may be laborious and time-consuming. Moreover, it is worth noting that the knowledge of precise functions of the secondary metabolites, produced in response to a pathogen attack, is often limited by insufficient characterization of their spatial distribution [8] . Therefore, here we report, for the first time, the application of imprint imaging desorption electrospray ionization mass spectrometry (DESI-MSI) to the study of the fluctuations of glycoalkaloids present in sprouted potatoes infected by the phytopathogen Pythium ultimum. The potato (Solanum tuberosum) is an important foodstuff in the world and P. ultimum is one of the most aggressive soil-borne fungal pathogens [9] . When performed under ambient conditions, sample pretreatment is minimal and sometimes unnecessary, thus simplifying the protocol while maintaining the high quality of the information that can be obtained. As already defined elsewhere [10] , DESI is a spray-based ambient MSI technique that allows the direct sampling of surfaces in the open air. When used with a software-controlled moving stage, the sample is rastered underneath the DESI ionization probe, and through the time domain, m/z information is correlated with the spatial distribution of chemical species [11] . Analysis of the spatial distribution of compounds in tissues by MSI is commonly performed using thin tissue sections obtained by cryosectioning bulk tissue in a cryostat and then thaw-mounted onto glass slides [12] . On the other hand, direct analysis of plant products, like leaves, has been reported by ambient MS [13, 14] . Alternatively, the use of blotting or imprinting techniques, in which the chemicals are initially transferred to flat, hard surfaces, is an approach that has been successfully applied in several imaging MS techniques [15] [16] [17] [18] [19] . Imprinting is a simple technique that allows MS imaging analysis of non-flat or irregular surfaces without the need to use a cryostat. Recently, imprints of potato sprout (Solanum tuberosum L.), gingko leaves (Gingko biloba L.), and strawberries (Fragaria x ananassa Duch), assisted by high temperature and/or solvent extraction, were successfully imaged by DESI-MS [20] . Hemalatha et al. described the chemical differences of leaves and flowers of Madagascar periwinkle by thin layer chromatography (TLC) imprint DESI-MS [21] .The application of imprint imaging DESI-MS to the study of the fluctuations of glycoalkaloids of sprouted potatoes infected by the phytopathogen P. ultimum is reported in this manuscript. The bioanalytical method developed provides a fast and direct snapshot of the sprout's metabolic changes and perturbations that result from pathogen invasion with no need for time-consuming extractions. To the best of our knowledge, this is the first metabolic study of plant pathosystems by imaging ambient mass spectrometry.
Experimental

Materials
Methanol (MeOH) and acetonitrile (ACN) were purchased from Sigma Aldrich (Oakville, ON, Canada).The transparent tape ( 3M Highland, 5910) was bought at the York University bookstore and the potatoes at the local supermarket (Metro Richelieu Inc., Toronto, ON, Canada). The phytopathogen Pythium ultimum (ATCC 56081) was bought from Cederlane (Burlington, ON, Canada) and the potato dextrose broth (PDB) was also obtained from Sigma Aldrich (Oakville, ON, Canada).
Inoculation of Potatoes
Pre-sprouting potato tubers were kept in the dark at room temperature for 2 wk.
Tubers were washed under running tap water and air dried. Then they were sliced with a sterile knife and the surface of the slices was sterilized in 1% bleach for 15 s, rinsed three times in sterile distilled water and then rapidly flamed. The slices were inoculated with P. ultimum previously grown in PDB for 8 d at 24°C and 200 revolutions per min (rpm). The infected potatoes were analyzed by DESI-MS and imaging DESI-MS at room temperature in natural light after 8 d of incubation.
DESI-MS and DESI-MSI Experiments
Different control (n =3), infected (n =3 at 8 d from the inoculation of P. ultimum), and damaged (n =3, at 21 d from the inoculation of P. ultimum) potatoes were sectioned using a knife and manually imprinted by pressing the tape onto them for 5 s. Then, the imprinted tapes were placed in a lab-built 2D moving stage (described elsewhere [22] ) using double-sided tape and analyzed by DESI-MS in the positive ion mode. All MS experiments were performed using a Thermo Fisher Scientific LTQ mass spectrometer (San Jose, CA, USA). Data were acquired and processed using Xcalibur 2.0 software (Thermo Fisher Scientific). Typical instrumental parameters used were 4.5 kV capillary voltage and 275°C capillary temperature. A MeOH:ACN (1:1) solution was used as spray solvent and delivered at the flow rate of 3 μL min −1
. Mass spectra were acquired as full scans, in the positive ion mode, over the mass range from m/z 200 to 1000. The sprayer-to-surface distance was 1.0-1.5 mm, the sprayer to inlet distance was 4-8 mm, an incident spray was set at 52°, and a collection angle of 10°w as used. The identification of the analyte ions was confirmed by tandem mass spectrometry (MS/MS) using collision-induced dissociation with collision energy of 25%-35% (manufacturer's unit). In order to acquire DESI-MS images from the control and infected samples, the imprints were scanned in horizontal rows separated by 150 to 200 μm vertical steps until the entire sample was analyzed. The lines were scanned at a constant velocity in the range of 414 to 714 m/s and the scan time was set in the range from 0.43 to 0.56 s. A lateral spatial resolution (pixel size) in the range of 150 to 200 μm could be achieved under these conditions.
Data Processing
The MS spectra were processed by QualBrowserXcalibur. ImageCreator ver. 3.0 software was used to convert the Xcalibur 2.0 mass spectra files (.raw) into a format compatible with BioMap (freeware, http://www.maldi-msi.org/), which was used to process the mass spectral data and to generate 2D spatially resolved ion images. The identification of the metabolites was achieved by tandem mass spectrometry (MS/MS) and a literature search.
Results and Discussion
A DESI-MS profile acquired for an imprinted control potato at the sprout is shown in Figure 1a . The mass spectrum is mainly characterized by the ions of m/z 852 and 868 corresponding to the glycoalkaloids α-chaconine and α-solanine. These are the most abundant potato toxins and they usually comprise more than 95% of the total steroidal glycoalkaloid content [23] . Both toxins act as a defensive barrier for protection against pathogens [24] . DESI-MSI of imprinted sprout was also performed. The DESI-MSI of the control potato is reported in Supplementary Figure 1S . Well-defined images of the ions of m/z 852 and 868 can be obtained by regular imprinting on tape. Owing to the high water content of the sample, no solvent or thermal assistance are needed to get highly detailed images. A reproducible heterogeneous distribution of the ions of m/z 852 and 868 can be observed in the sprout. In accordance with the results reported by Friedman et al. in 1992 using highperformance liquid chromatography (HPLC) [25] and Ha et al. in 2012 by matrix assisted laser desorption ionization (MALDI)-IMS [26] , the distribution of the α-chaconine and α-solanine greatly varies when comparing the sprout and the tuber. As the total glycoalkaloid content was reported to range (in mg per 100 g of fresh weight) from 2 for tuber to 997 for sprout, a similar variance in distribution (see ion of m/z 868) can be observed in Supplementary Figure S1 using imaging DESI-MS. These findings have implications for food safety and plant breeding since α-chaconine is more embryotoxic and has a greater ability to induce liver enzymes than α-solanine [27, 28] .
In the infected potato (8 d Table 1 reports the assigned metabolites, their molecular formula, their monoisotopic mass and the observed m/z, and the type of ion. Figure 2 reports the structures of the observed metabolites. All ions were fully assigned by DESI-MS/MS and a literature search [6, 7] . The MS/MS experiments were performed directly on the imprinted material; the MS/MS spectra are reported in the Supplementary Information. The MS fragmentations of α-chaconine, α-solanine, β-solanine, β-chaconine, and γ- solanine/γ-chaconine show the sequence of cleavages of the different sugar moieties (Supplementary Figures S2, S3 , S10-S12). The MS-fragmentations of solasodiene, solanidine, solasodenone, solasodine, solanaviol, and solaspiralide are characterized by the cleavage of the six ring systems (Supplementary Figures S4-S9 ). These results are in agreement with the observations reported by Cahill et al.,who fully elucidated the mass fragmentation pathways of potato glycoalkaloids [29] .
The most intense peak of the infected potato profile is the ion of m/z 398 corresponding to the aglycon solanidine. This observation perfectly matches with the literature [30, 31] . In fact, it is known that fungal infection of potato sprouts activates biosynthetic pathways that lead to biosynthesis of alkaloids with a substantial increase in the aglycons solanidine and solasodine. This results in the de novo synthesis of several steroidal alkaloids that have solasodine or solanidine as their common aglycon. As reported in Scheme 1, the increased production of solasodine leads to the bioformation of the glycoalkaloids solasodenone (m/z 412), solanaviol (m/z 430), solasodiene (m/z 396), solasonine (not observed in our spectra), Note that a strong decrease in the relative abundance of the main potato toxins α-chaconine and α-solanine was observed. This observation can be explained considering that successful pathogens avoid such toxicity by removing sugar chains from the molecule of glycoalkaloids (i.e., hydrolysis) by pH alteration [32] . The hydrolytic degradation of α-solanine and α-chaconine to their catabolic and less toxic β-and γ-forms of m/z 706 and 722, respectively, during sprout colonization by the phytopathogen Rhizoctonia solani has been reported recently by Aliferis et al. [7] .
It seems that this process is a key contributor to the ability of phytopathogen to overcome the toxicity the glycoalkaloids [33] .
Although not yet assessed in P. ultimum, it has been also demonstrated that the enzymes rhamnosidase and α-chaconinase, purified from potato fungal pathogens, were able to convert α-chaconine to β-chaconine via a stepwise removal of a sugar unit from the trisaccharide chain, rendering the metabolite less bioactive [34] .
Investigating the spatial distribution of the plant secondary metabolites of infection and their different accumulation, in the vicinity of the site, allows finding the localization of distinct metabolic pathways [8] . Figure 3 shows the local distribution of the glycoalkaloids produced in response to the pathogen invasion by imaging DESI-MS. The glycoalkaloids are distributed in different localizations of the sprout. Despite an accurate literature search, unfortunately it is hard to explain their varying localizations inside the sprout from an anatomical point of view. In order to make visible the ions of m/z 428, 430, 560, and 852, which have very low relative intensities, the color bar scale applied to all ions was normalized to a value below the maximum intensity of the base peak (m/z 398). Therefore, the relative abundance of the other ions seems higher than the spectrum would suggest. Comparing Figure 4 and Supplementary Figure S1 , change in accumulation of the glycolakaloids α-solanine (it almost disappears) and the appearance the new metabolites biosynthesized after fungus invasion can be noticed. This observation, in accordance with the data reported by Kuc in 1984 showing the ability of tuber and sprout to accumulate new glycoalkaloids underneath the peel of sprout and tuber, immediately around the site of injury [35] .
Three weeks after the inoculation, the potato sprout was imprinted again and new changes in the glycoalkaloid metabolism were observed. The DESI-MS spectrum reported in Figure 4 shows a decrease of the relative abundance of the ions of m/z 396, 412, 414, 706, and 722, corresponding to the metabolites solasodiene, solasodenone, solasodine, β-and γ-chaconine, and solanine, respectively. The progression of the disease, as it is expressed by the development of brown necrotic lesions, led to the further decrease of the glycoalkaloid metabolites. This result may prove that P. ultimum is tolerant to the glycoalkaloids, as previously shown in other glycoalkaloids containing plants attacked by phytopathogens [7] . In this study, we have demonstrated the suitability of DESI-MS for analyzing, in a qualitative way, the time dependence of metabolic changes of the potato after phytopathogen invasion. The results are in accordance with those obtained previously by Aliferis [7] and Pushpa [6] by conventional mass spectrometric techniques. The imprinting procedure on regular tape, with no need of thermo and/or solvent assistance, was demonstrated to be efficient and simple. It allowed the imaging analysis of non-flat, irregular surfaces without the use of a cryostat.
In this specific case, an important factor that facilitates the transfer of compounds, especially polar compounds, to the tape is the water content in the sample. This resulted in a successful imprint that enabled the acquisition of high-quality spectra and well-defined images. 
Conclusion
The efficiency of DESI-MS in studying the plant metabolic changes in a simple pathosystem was demonstrated. The imprint on regular tape, coupled to DESI, allowed the MS profile and imaging of a complex system in a fast way, using minimal amount of sample with no need of laborious extractions. To the best of our knowledge, this is the first qualitative study of the plant chemical defense against a phytopathogen invasion by ambient mass spectrometry. Quantification of the glycotoxins and metabolites would be valuable in studies of plant pathosystems, especially for the determination of kinetic parameters. Quantitation is an important emerging topic that needs more attention in ambient ionization imaging mass spectrometry [10] . For the determination of analytes in intact tissues using imaging DESI-MS, previous efforts have focused on relative quantification [36] . However, absolute quantitation can also be done [37] . These experiments require the careful selection of internal standards and their homogeneous transfer to the sample. Calibrants and quality control samples should be used for the validation of the method and, in some cases, crossvalidation with other analytical techniques can still be necessary. Although quantitative experiments are promising, their robustness and real applicability to imaging mass spectrometry need to be further investigated [38] .
